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ABSTRACT: Dynein light chain protein (DLCS8), the smallest subunit of the dynein motor complex, acts as
a cargo adaptor. The protein exists as a dimer under physiological conditions, and cargo binding occurs
at the dimer interface. Dimer stability and relay of perturbations through the dimer interface can thus be
anticipated to play crucial roles in the variety of functions the protein performs. Recent investigations
point out that DLCS also gets phosphorylated at Ser 88, which is located at the extreme C-terminal end.
In this background, we investigate here by NMR the effects of a small perturbation by way of a single
point mutation, S88A, on the structure, dynamics, and cargo binding efficacy of the DLC8 dimer. We
observe that the perturbation travels far away along the sequence from the site of the mutation. This relay
has been explained at the atomic level by looking into the packing of the side chains in the crystal structure
of the protein. It follows that the interface is highly adaptable, which may account for the versatility of
the dimer’s cargo binding ability. Binding studies with a peptide indicate that the mutation compromises
binding efficacy. These observations show how remote residues that may not be directly bound to a target
can still affect the affinity of the protein to the target. Furthermore, the S88A mutational perturbations
seen here in Drosophila DLCS8 are dramatically different from those of the same mutation in human
DLCS (also known as DLC1) (Song, C., et al., (2008) J. Biol. Chem, 283, 4004—4013.) which differs
from Drosophila DLCS8 at only five locations. All of these observations put together highlight the sensitivity
of dynein light chain protein to small perturbations, and this would have great functional implications.
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Cytoplasmic dynein is a microtubule-based multisubunit
molecular motor that translocates cargos toward the minus
ends of microtubules. Dynein is involved in a wide array of
functions including retrograde organelle movement, nuclear
migration, miotic spindle alignment and axonal transport (/-5).
The heavy chain subunits provide ATPase activity essential
for force generation and are also responsible for attaching
the motor complex to microtubules. The cargo binding
domain comprising intermediate and light chain subunits
regulate the binding and transport of a wide variety of cargo
molecules.

Dynein light chain protein (DLC8') is the smallest (89
amino acids, 10.3 kDa) among the light chains of the dynein
motor complex. At physiological pH, the protein exists as a
homodimer but dissociates into monomers below pH 4 (6, 7).
The DLCS8 dimer consists of two a-helices (al, residues
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15—31; a2, residues 35—50) and 5 S-strands (f1, residues
6—11; 52, residues 54—59; /33, residues 62—67; 34, residues
72—78; and 35, residues 81—87) (8). The dimer binds the
target molecules in an antiparallel 3-strand fashion through
its 3-strand and also forms several contacts with the residues
that are present at the dimer interface (8). Furthermore, it
has been reported that the monomeric DLCS protein is not
capable of binding any of the target molecules (9). These
facts suggest that the topology of the dimer facilitates cargo
loading in the dimer. Other than binding to the intermediate
chain (IC74) within the dynein complex, DLCS interacts also
with a large number of cellular targets with diverse biological
functions. It interacts with neuronal nitric oxide synthase
(nNos) (10) proapoptotic BCI-2 family proteins Bim and
Bmf (11, 12), postsynaptic scaffold proteins GKAP and
gephyrin (I3, 14), nuclear protein p53-binding protein 1
(53BP1) (15), and mRNA localization protein Swallow (/6).
The five-residue K/RXTQT sequence has been recognized
as one of the common DLCS8 recognition motifs in target
peptides (/7). Since DLC8 interacts with various proteins,
it was presumed that DLCS acts as a cargo adaptor in the
dynein complex to transport various organelles.

Recent studies on p21-activated kinase 1 (Pakl), a member
of the evolutionarily conserved family of serine/threonine
kinases, revealed DLCS8 as its physiological interacting
substrate with binding sites mapped to amino acids 61—89
and the phosphorylation site at Ser 88 (/8). The phospho-
rylation of DLC8 by Pakl plays a regulatory role in
tumorigenesis and in macropinocytosis (/8-20). Pak1 phos-
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phorylation of DLCS8 on Ser 88 controls vesicle formation
and trafficking functions, whereas the mutation of Ser 88 to
Ala (S88A) prevents macropinocytosis (/9). It has also been
shown that phosphorylated DLCS is elevated specifically in
human breast cancer tumors (/8). Furthermore, DLCS8
phosphorylation by Pakl prevents the interaction with
apoptotic protein Bim and plays an essential role in cell
survival (/8). It has also been reported that the phosphory-
lation of DLC8 promotes the dissociation from the interme-
diate chain (IC74) and hence regulates the assembly of the
motor complex (27).

All of the above results highlight the importance of the
dimer interface in the variety of functions the protein
performs. Any perturbation at or near the interface is likely
to affect biological function. Thus, often perturbations are
introduced deliberately in the form of specific mutations in
an attempt to understand the regulatory roles of specific
residues involved in target recognition, structural architecture,
stability, aggregation, and folding features of the wild type
protein (22-29). For example, in DLCS8, mutations were
introduced at His 55 (H55K) to understand the role of
charge—charge interaction in the dimer—monomer transition,
and at Ser 88 (S88E), the phosphorylation site, to reveal the
mechanism of phosphorylation (27, 30). The above mutations
were found to result in the dissociation of the DLC8 dimer.
The same happens when the pH is changed from 7 to 3 (6).
Even when the dimer remains intact, for some perturbations,
it is conceivable that the affinities to different targets and
the structural and dynamic features may get altered. These
facts must be factored in during interpretation of the effects
of any perturbation in understanding biological function.

Intuitively, the remote effects of any perturbation in a
protein must be a consequence of a strong network of
interactions that may cause a rapid relay of perturbations
from any one particular site on the protein structure.
However, specific knowledge of how the perturbations travel
will be essential in each case to understand the specificities
of interactions. Thus, in order to understand these effects at
an atomic level in DLCS, we chose to investigate the effects
of a single point mutation at the dimer interface that is
functionally very important. We monitored the effects of a
perturbation almost at the end of the interface, by way of
S88A point mutation; alanine is very similar in size to serine
but lacks the hydroxyl group in the side chain. Although
Ser 88 is present at the extreme C-terminal and at the end
of the dimer interface, it is engaged in many H-bond
interactions (8, 21); the side chain of Ser 88 pairs with the
carbonyl of Ser 88" across the interface (8), and the amide
group of Gly 89 is very close (~ 2.6 A) to the backbone
nitrogen of Ser 88, suggesting a possibility of H-bonding.
This creates an interesting structural scaffold. Furthermore,
the side chain of Ser 88 is packed against many other side
chains in the crystal structure of the protein (8). All of these
indicate that Ser 88 interactions contribute substantially to
the stability of the dimeric protein. Furthermore, Ser 88 is
highly conserved among various species and is the only
recognized phosphorylation site in the dimeric DLC8 (8, 18).
In this background, the results obtained here provide useful
mechanistic insights into the protein’s susceptibility to small
perturbations on the one hand and a rationale for the remote
effects of mutations on the other. As we were preparing this
article, a study describing the effects of S88A mutation in
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the case of DLCI1, the human counterpart of DLC8, which
differs from DLCS at only five locations (human, C2, S21,
E23, H41, and K71; Drosophila, S2, A21, D23, Y41, and
R71), was reported (20). Interestingly, the two mutant
proteins have very different characteristics, although the
functional behaviors of the wild type (WT) protein from the
two species are similar.

MATERIALS AND METHODS

Mutagenesis and Protein Expression and Purification. The
S88A mutant of DLCS8 (Drosophila melanogaster) was
prepared using a standard PCR based protocol of site directed
mutagenesis. The mutant DNA was verified by automated
sequencing before transformation into BL21 (DE3) cells for
protein expression. The wild type (WT) and S88A mutant
proteins were expressed and purified as described elsewhere
(6). The purity of the sample was checked using SDS—PAGE.

Gel Filtration. Gel filtration was performed on the DLC8-
WT protein at pH 7 and 3, and on S88A mutant at pH 7
using a Hi Load 16/60 Superdex 75 column (Amersham)
with buffer (20 mM Tris, 200 mM NaCl, and 2 mM DTT at
pH 7, and 20 mM acetate, 200 mM NaCl, and 2 mM DTT
at pH 3) at a flow rate of 0.3 mL/min with absorbance
monitored at 280 nm using Bio-Rad BioLogic LP system.
Nearly 1 mL of 600 4M protein was loaded on the column.

NMR Spectroscopy. NMR Sample. For NMR studies, the
protein purified as described above was concentrated to ~1.5
mM. Tris buffer (20 mM Tris, 200 mM NaCl, and 2 mM
DTT) and acetate buffer (20 mM acetate, 200 mM NaCl,
and 2 mM DTT) were used for all the experiments on the
dimer (pH 7.0) and on the monomer (pH 3.0), respectively.
The final volume in all the samples was ~550 ul (90% H,O
+ 10% D-0).

NMR Data Acquisition and Processing. All of the NMR
experiments were recorded using a triple channel Varian
Unity-plus 600 MHz NMR spectrometer equipped with
pulse-shaping and pulse-field gradient capabilities. For
resonance assignments of S88A mutant, three dimensional
(3D) experiments CBCANH and CBCA(CO)NH (37) were
recorded at pH 7.0 and 27 °C. The 'H and "N carrier
frequencies were set at 4.71 ppm and 119 ppm, respectively,
and the 3C carrier frequency was set at 46.0 ppm for
CBCANH and CBCA(CO)NH. Amide proton chemical shifts
as a function of temperature in the range 20—40 °C were
measured by recording seven HSQC spectra (20, 23, 27, 30,
33, 36, and 39 °C) with 256 t; increments each. The dimeric
proteins (both WT and S88A mutant) and the monomer were
stable over the entire temperature range at all chosen pH
values. 'H chemical shifts were calibrated relative to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS). The relaxation
experiments were carried out using the pulse sequences
described by Farrow et al. (32). For these experiments, 2048
and 128 complex points were collected along the two
dimensions. "N R, measurements were done using the
following Carr-Purcell-Meiboom-Gill (CPMG) delays: 10,
30, 50, 70, 90, 110, 130, 150, 190, and 230 ms, and spectra
duplicated at 50 and 90 ms. Steady state 'H-N NOE
experiments were carried out using an irradiation time of
3 s and a total recycle delay of 5 s for each scan. Forty-
eight scans were used for each fid for signal averaging the
data. Peptide binding NMR experiments were carried out at
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FIGURE 1: (A) Overlay of "THN-'SN HSQC spectra of DLC8 protein at pH 7 and 27 °C [wild type-WT (red) and S88A mutant (green)]: The
peaks corresponding to Ser 88 and Gly 89 in WT, and Ala 88 and Gly 89 in S88A mutant are annotated with their respective color codes
and are also encircled. (B) Gel filtration data DLC8 WT (blue) and S88A mutant (red) at pH 7. The single and identical peak seen at the
same position in the chromatogram indicates that the protein is a pure dimer in both cases. Here, the data of DLCS protein at pH 3 (green)
where the protein is a pure monomer is included as a reference. (C) Residue-wise summed chemical shift changes (AJ) between the WT
and S88A mutant of DLCS8 protein calculated from AHN and AN shifts (see text). The secondary structural elements in the protein are

marked above with cylinders (for helices) and arrows (for sheets).

pH 7 and 27 °C, using a commercially synthesized 11 residue
peptide fragment (VYTKQTQTTST) of the dynein interme-
diate chain (IC74) (GL Biochem Ltd.).

All of the data were processed using FELIX on a Silicon
Graphic, Inc. work station. Prior to Fourier transformation
and zero-filling, data was apodized with a sine-squared
weighting function, shifted by 60° in both dimensions for
2D, and by 90° in all dimensions for 3D experiments. After
zero filling and Fourier transformation, the final matrix had
1024, 256, and 256 points along the F;, F,, and F,
dimensions, respectively, and the 2D HSQC experiments had
4096 and 1024 points along the F, and F; dimensions,
respectively. For temperature coefficient analysis, chemical
shifts were first calculated and fitted to a straight line after
which the deviations from linearity were used to derive the
residual curvatures. The digital resolution in the spectra was
~1.7 Hz /point along F,. The chemical shift assignment was
done using the peak picking macro of Felix, which finds the
peak maximum using an interpolation procedure. As a
measure of curvature, the experimental data (or, equivalently,
the residuals from the linear fitting) were fitted to a parabola,
by using Marquardt nonlinear least-squares fitting. The
protons for which the second-order coefficient (¢ in the
equation y = a + bx + cx?) differed from zero as described
by Tunnicliffe et al. were treated as having curved temper-
ature dependence (33). The R, values were extracted by
fitting the peak intensities to the equation, I(f) = B exp
(—Ry1). Steady state "H-""'N NOE was calculated as a ratio
of intensities of the peaks with and without proton saturation.
The errors in the NOEs were obtained using the root-mean-
square value of the background noise as described by Farrow
et al. (32).

RESULTS

Resonance Assignments. The overlay of the HSQC?® spectra
of DLC8-WT (wild type dimer) and S88A mutant protein
at 27 °C, at pH 7.0, are shown in Figure 1A. The similar
spectral features for WT and mutant protein under the given
experimental conditions suggest that the protein remains as
a dimer even after mutation; this is in contrast to the situation
in DLCI (20) where the mutant showed extensive line
broadening effects. This was interpreted to indicate dimer—
monomer equilibrium in the mutant. Sequence specific
resonance assignments of the WT protein have been reported
previously (6). Majority of the assignments of S88A mutant
were derived from simple transfer from those from WT
protein. However, on a few occasions where movements of
peaks resulted in some ambiguities, the assignments were
done by observation of sequential connectivities using
CBCANH and CBCA(CO)NH experiments.

S88A Mutant DLC8 Protein of Drosophila Is a Stable
Dimer. It is known that certain mutations on the DLC8 dimer
result in the dissociation of the dimer (21, 30). In order to
check the effect of S88A mutation on the DLCS8 dimer, we
performed gel filtration studies at pH 7 on the mutant protein
and compared them with those on the WT dimer and
monomer (DLCS is a monomer at pH 3). The chromatograms
are shown in Figure 1B. A single peak for the S88A mutant
at the same position as that for the WT dimer indicates that
the S88A mutant is a stable dimer. Hence, under our
experimental conditions, the S88A mutant remains as a pure
dimer. Furthermore, the gel filtration experiments were
recorded with different concentrations, namely, 100 and 600
uM protein, and in both cases, the peaks overlay exactly
with the same width indicating the absence of another species
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in exchange (data not shown). This is in sharp contrast to
the results reported by Song et al. (20) on the DLCI1 protein,
the human counterpart of DLCS8. The gel filtration chro-
matogram of S88A mutant of DLC1 showed two peaks, one
at a molecular weight higher than that of the dimer and the
other in between those of the dimer and the monomer
(Figure 5C of ref 20). The latter was interpreted to indicate
dimer—monomer equilibrium, which was supported by
extensive line broadening in the HSQC spectrum of the
protein. The former peak was supposed to indicate aggregate
formation by the mutant protein.

Chemical Shift Perturbations. Even though the spectra of
WT-DLC8 and S88A mutant proteins were so similar that
the transfer of assignment was possible, there were small
differences in the actual chemical shift values. These indicate
small local structural perturbations in the native structure of
the dimeric protein upon mutation. Using the changes in
amide (AH) and N (AN) chemical shifts, we calculated
residue-wise summed chemical shift changes (Ad) according
to the following formula:

AS[(H)* + (AN/10)*]V* (1)
The factor 10 for N chemical shift arises as a normalization
factor since the overall range of nitrogen chemical shifts is
roughly 10 times that of proton chemical shifts for the
backbone amides in folded proteins. The results of these
calculations are shown in Figure 1C. It is evident that the
small disruption at Ser 88 causes significant perturbations
along the sequence. Overall, there are 3 regions (aa 53—56,
aa 65—72, and aa 87—89) that show noticeable changes in
the chemical shifts. These span the C-terminal, the 52 and
B3 strands, and the loop connecting 33 to 4. The perturba-
tion at the stretch aa 87—89 is a direct consequence of the
mutation, which in fact is expected. However, perturbations
at 52 and 33 strands and the loop connecting 33 to 34, which
are crucial in maintaining the dimer stability and cargo
binding, are consequences of relay of perturbation through
the protein structure (see below).

Temperature Dependence of Amide Proton Chemical
Shifts. The changes in the amide proton chemical shifts
measured as a function of temperature are good indicators
of hydrogen bonding in globular proteins and also provide
information about the local stability of the protein (34-36).
While linear dependence is used to infer H-bonding, curved
dependence of chemical shifts on temperature indicates the
presence of alternative states (37-39). We measured the
temperature dependence of the amide proton chemical shifts
in WT and S88A mutant by recording seven HSQC spectra
as a function of temperature in the range 20—40 °C. Both
the WT and the S88A mutant proteins are stable dimers in
the measured temperature range. Hence, the temperature
dependence truly reflects the intrinsic stabilities and local
perturbations. The temperature coefficients for the residues
that showed linear dependences in WT and S88A mutant
proteins are shown in Figure 2A and B, respectively.

The average values of the temperature coefficients of WT
and S88A mutant are —3.7 &+ 0.2 and —3.4 £+ 0.1 (the
mutated residue is not considered for the calculation of
average values), respectively, depicting that the overall
stability features (i.e., backbone hydrogen-bonding features)
are similar. To visualize the global/local conformational
changes explicitly at the residual level due to mutation, we
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plotted the temperature coefficients of the residues of WT
dimer against those of the S88A mutant (Figure 2C). A
residue with the same hydrogen-bonding properties/local
environment in both proteins will be on the diagonal, and
the perturbed ones will deviate from the diagonal. It is
evident from Figure 2C that although most residues fall on
the diagonal, some residues such as Arg 4, Lys 5, Met 13,
Thr53, Trp 54, Asn 61, Thr 70, and Phe 86 show deviation
(>1 ppb/°C) from the diagonal. These indicate that small
local stability perturbations do occur along the length of the
chain. These residues are marked in Figure 2C. Almost all
of these residues are seen to be present in the interconnecting
loops between secondary structural elements, and the small
perturbations at these sites suggest slight readjustment of the
structure.

In the above context, Ser 88 presents an unusual behavior.
We compared the temperature coefficients of Ser 88 in the
WT dimer with those of Ala 88 in the S88A mutant and of
Ser 88 in the DLC8 monomer (at pH 3). The plots of
temperature dependence for these residues are shown in
Figure 2D. The measured temperature coefficients are —19.8
+ 0.3, —=9.3 £ 0.2, and —5.6 £ 0.1 ppb/°C for Ser 88 in
WT dimer, Ala 88 in S88A mutant, and Ser 88 in DLCS8
monomer, respectively. In general, the temperature coef-
ficients range between (—2 to —4) ppb/K for a strongly
H-bonded amide protons and between (—5 to —10) ppb/K
for an exposed solvent accessible (random coil) amide
protons (40). The values obtained in the case of the S88A
mutant and DLC8 monomer clearly indicate that aa 88 is
solvent exposed and not strongly hydrogen bonded. However,
a large value of —19.8 4+ 0.3 ppb/°C suggests that the
environment of the Ser 88 in WT dimer is highly susceptible
to perturbation. None of the other residues, neither in WT
nor in S88A mutant, showed such a huge temperature
coefficient value (Figure 2A and B). Williamson et al.
reported such a large value of the temperature coefficient in
the herpes simplex virus glycoprotein D-1 antigenic domain
(41), and the experiments demonstrated by Andersen et al.
(42) suggested that this amide proton was in fact involved
in a transient hydrogen-bonded structure. Thus, the large
temperature coefficient could be attributed to a loss of
secondary/tertiary structure on heating. If the large temper-
ature coefficient of Ser 88 is a consequence of transient
hydrogen-bonding and due to the loss of secondary/tertiary
structure, then Ser 88 should exhibit conformational fluctua-
tions (alternative states). The alternative states accessed by
a particular residue can be observed by the procedure based
on curved temperature dependence of amide proton chemical
shifts (37). We tested for the presence of alternative states
for Ser 88. We also checked the behaviors of the Ala 88
residue of the S88A mutant and Ser 88 in the DLCS8
monomer. All of these results are presented in Figure 2E. It
is evident that Ser 88 in the WT dimer does show a curved
temperature dependence of amide proton chemical shifts.
This was also true at other pH values (pH 6 and 8); these
experiments at slightly varied experimental conditions (pH
6 and 8) were performed in order to be more certain about
the curved dependence (data not shown). Thus, we conclude
that the amide proton in Ser 88 in the WT DLCS8 dimer is
transiently H-bonded; that it is not a stable H-bond was
independently inferred from deuterium exchange studies,
wherein the amide of S88 was found to exchange very
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FIGURE 2: Temperature coefficients in DLCS protein measured at pH 7.0: (A) WT; (B) S88A mutant. The secondary structural elements in
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suggesting local conformational changes, are marked. The mutation site Ser 88 is not included in the comparison. (D) Graph depicting the
temperature dependence of amide proton chemical shifts for Ser 88 in DLC8 WT-dimer (circles), Ala 88 in S88A mutant at pH 7 (triangles),
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of the y-axis is 0.06 ppm; +0.03 to —0.03 centered at zero; and the temperature range is 18—40 °C.

rapidly and the peak was not seen in the HSQC spectrum
(Supporting Information, Figure S2). Theoretical simulations
carried out in the measured temperature range suggested that
the alternative states are within ~2 kcal/mol (Figure S1 of
Supporting Information) from the ground state. Furthermore,
we believe that this exchange occurs at time scales faster
than microseconds since we do not see unusually large
transverse °N relaxation rates for S88 (see below). Since
the mutant does not show such a behavior, it follows that
Ala 88 in the mutant has a different local environment in
the dimer; absence of the H-bond formed by the side chain
of Ser 88 to Ser 88’ across the dimer interface and consequent
disruption of the structural scaffold can be readily envisaged.
The observation that Gly 89 peak in the mutant shifts upfield
(Figure 1A) could, in fact, be a consequence of the absence
of the H-bond between the nitrogen of Gly 89 and amide of
Ala 88, and the consequent structural changes in that region.

Modulation of Conformational Dynamics. Backbone "N
relaxation measurements such as transverse relaxation rate
(R»), and 'H-"N steady state NOEs, provide direct informa-
tion on various time scale motions in the protein (43). "N
transverse relaxation rates (R;) serve as useful monitors for
local conformational transitions occurring on the milli-to-
micro second time scale. Whenever present at particular
residue sites, conformational exchange results in conspicu-
ously enhanced R, values for those residues. However, the
'H-5N steady state NOEs are very sensitive to picosecond
time scale motions. The sequence-wise variation of these
relaxation parameters would be extremely valuable in deriv-
ing information on residue-specific motional characteristics.
In order to investigate the effect of S88A mutation on the
overall dynamics of the DLC8 dimer, we measured the
transverse relaxation rates and 'H-°N steady state NOEs on
the S88A mutant and compared them with those of the WT
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dimer. The residue-wise R, values for the wild type dimer,
the S88A mutant, and the differences between these are
shown in the top (A), middle (B), and bottom (C) panels,
respectively, in Figure 3. Similar data for the '"H-'>N steady
state NOEs are shown in Figure 3D—F. It is evident from
Figure 3C and F that there are changes in both the R, values
and 'H-"N steady state NOEs on mutation. There are both
positive and negative changes in R, values (Figure 3C), and
these indicate changes in flexibility occurring on different
time scales in different parts of the protein. Enhancement of
milliseconds—microsecond time scale motions would cause
negative difference, and enhancement of higher time scale
motions would cause a positive difference in Figure 3C.
Assuming a conservative cutoff of ~15% of the average
value for the change to be considered meaningful (note that
this is more than twice the average error in the individual
values themselves), we observe that the mutation of Ser to
Ala at position 88 induces enhanced conformational exchange
in the aa stretch 87—89 and large R, values at Lys 87 and
Ala 88 in the S88A mutant compared to that in the WT
protein (Figure 3C). A similar conclusion is evident at
position 44, which is in the middle of the a2 helix. However,
there is an enhanced conformational flexibility (positive
values in Figure 3C) in the region aa 67—72. Earlier studies
revealed that this stretch exhibits conformational exchange
in the milliseconds—microsecond time scale (6, 44). The
conformational dynamics in this region is essential as this
loop acts as the channel for the incoming target to bind (44).
Thus, alteration of dynamics in this region would directly
influence the cargo binding adaptability of the DLCS8 dimer.
The steady state NOEs, which reflect upon picosecond time
scale motions, show small but many changes across the
length of the chain (Figure 3F). At one particular region,
namely, aa 78—80 (loop connecting 34 and 35), there appears
to be a noticeable increase in the motions as a consequence
of the perturbation.
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FIGURE 4: 'H-'N HSQC spectra of DLCS. (A) free S88A-DLC38
at pH 7. (B and C) WT in the presence of peptide at pH 7 (B) and
S88A-DLCS8 in the presence of peptide at pH 7 (C). Peak shifts
for a few residues, E35, D37, 138, G63, and S64, are shown for
illustration. Squares identify the peaks in the free protein, and circles
identify the peaks in the protein—peptide complex. Arrow directions
indicate the movement of peaks upon binding to peptide.

130.0

Peptide Binding Studies. We compared the cargo binding
efficacy of S88A with that of the WT protein at pH 7 by
saturating (~1:2.5 ratio of protein:peptide) with a 11-residue
fragment of IC74 (dynein intermediate chain), containing the
binding motif (K/R)XTQT. HSQC spectra were recorded
with and without the peptide. Figure 4A shows the spectrum
of free S88A protein at pH 7, and Figure 4B and C shows
the spectra of WT and S88A proteins, respectively, in the
presence of the peptide. The HSQC spectrum at pH 7 in
the presence of the peptide (Figure 4B) has nearly the same
number of peaks as the spectrum in the absence of the peptide
(Figure 4A), though some peaks have shifted positions
because of peptide interaction. These shifts are similar to
those reported by Lo et al. (/7) using peptides containing
the same binding motif. In the figure (Figure 4B), we show
only a few of those distinct peak shifts (G63, S64, E35, D37,
and 138; squares and circles identify the peak positions in
the free and peptide bound protein, respectively) for the sake
of clarity, but these suffice to demonstrate the binding effects
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FIGURE 5: (A) Residues exhibiting chemical shift perturbations (Figure 1C) are marked with red on the three-dimensional structure of the
protein (pdb ID: 1f3c). The primed and the unprimed labels distinguish the two monomers. Numbers for all of the colored residues (red)
are only indicated on one of the monomers for better clarity. The side chain of Ser 88 (violet) is also shown on the structure. (B) Zooming
in on a particular region of the dimer interface around Ser 88 in the crystal structure (pdb ID: 1cmi) to show accessibility of the phosphorylation
site (side chain -OH of Ser 88) and the interactions of side chains and various other residues with Ser 88. Side chains of the residues that
are perturbed (Figures 1C or 5A) are only shown for clarity. The different residues are color coded to indicate the proximity of the side
chain atoms of the residue to backbone NH of ser 83. Blue, at least one atom of the side chain is within 2—4 A; green, at least one atom
of the side chain is within the range 4—6 A; and red, all atoms are beyond 6 A. (C) Residues involved in the interaction between the DLC8
dimer and the nNOS peptide (Gln 227—Gly 232) (pdb ID: 1cmi). For clarity, only those of DLCS8 dimer that show chemical shift perturbation
are included. The phosphorylation site (Ser 88, violet) is also shown to illustrate the fact that the phosphorylation site is buried in the
binding patch of the DLC8 dimer. A couple of distances from Ser 88 to different residues of the nNOS peptide are marked in order to
visualize the proximity of the bound target. The images were produced using Insight II. The DLCS residues and peptide residues are color

coded in red and blue, respectively. For uniformity, Ser 88 is always shown in violet (A—C).

in the spectra. The HSQC spectrum of S88A in the presence
of the peptide (Figure 4C) has some more peaks, which
indicates the coexistence of multiple species. Many of the
peaks can be identified with the free dimer, indicating that
the ensemble consists of both bound and free dimer. For
example, peaks due to E35, D37, and 138, which had moved
to positions indicated by circles on peptide binding, acquire
some intensity at their positions in the free dimer (indicated
by squares). This clearly indicates that the efficacy of binding
has reduced in the S88A mutant compared to that of the WT
(Figure 4C). However, the major species is still the bound
species as is evident from the low intensities of the peaks
belonging to the free protein. These results demonstrate that
perturbations at Ser 88 can modulate the binding efficacy of
the DLC8 dimer.

DISCUSSION

Relay of Perturbations Due to S88A Mutation across the
Length of the Dimer Interface. As discussed above, the S88A
mutation causes structural and dynamics perturbations in the
DLC8 dimer. The temperature dependence of amide proton
chemical shifts suggested that Ser 88 is transiently H-bonded
and accesses alternative states. This, in fact, provides a
mechanism for the relay of perturbations from the Ser 88
site. To understand these changes, we mapped the chemical
shift perturbations (Figure 1C) on the native structure of the
protein with red color and annotated for clarity in Figure
5A. Interestingly, the perturbations are seen to be essentially

localized at the dimer interface. Even more interestingly, the
mutation, which is at the extreme C-terminal, seems to
perturb the dimer interface to a significant extent. In order
to visualize these features, we analyzed the packing of the
Ser 88 residue with those of the neighboring residue side
chains (closer in space). The side chain packing of perturbed
residues and Ser 88 are shown in Figure 5B. The crystal
structure shows that the Ser 88 OG atom is packed against
the imidazole ring of His 55 and in addition forms a hydrogen
bond with the backbone carbonyl of Ser 88’ (Ser 88 of other
monomer) (8, 27). From Figure 5B, it is evident that Ser 88
is buried inside and packed over side chains of crucial
residues at the dimer interface. A closer look at the Ser 88
environment in Figure 5B depicts that Ser 88 is closely
packed against the side chains of Thr 67, His 68, and Glu
69 of both the monomers in the dimer. Furthermore, the
distance measurements between the backbone and side chain
atoms of Ser 88 and those of Thr 67, His 68, Glu 69, and
Thr 70 indicated that several atoms of Glu 69 are very close
(~2—4 A), whereas for residues Thr 67, His 68, and Thr
70, there is at least one atom in the distance range of 4—6
A. All of these residues are perturbed by the S88A mutation
as seen from the chemical shift data. The other perturbed
residues are slightly farther (>6 A). All of these are shown
in a color coded manner in Figure 5B. This qualitative
analysis provides a mechanistic insight into the relay of
perturbation from the mutation site; Glu 69 is most easily
perturbed, and the disturbance then runs on both sides at
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the dimer interface. Then, from Tyr 65 the relay spreads to
Lys 44, which is engaged in a side chain H-bond. Thus, Lys
44 also exhibits a large increase in conformational exchange
(Figure 3C).

Relevance to Cargo Binding Efficacy. DLCS8 is a multi
regulatory protein. The crystal structure of the DLC8-nNOS
complex indicates that the DLCS8 dimer contains two identical
target binding grooves on the opposite faces of the
protein—dimer interface (8). Hence, it has been suggested
that DLCS functions as a linker protein by binding to two
different target molecules. In the crystal structure of the
complex, residues in the amino acid stretch 65—70 of the
DLCS8 dimer are in closest vicinity to the nNOS peptide
residues (Gln 227—Gly 232) (Figure 5C). Interestingly,
the same stretch, aa 65—70, also shows substantial perturba-
tions due to the S88A mutation in the present study (Figure
5A). Ser 88, itself, is buried in the binding patch. Analysis
of the DLC8-nNOS structure depicts that backbone and side
chain atoms of Ser 88 are closer to the methyl group of Met
228 (~4—5 A) of the nNOS peptide, which is involved in
the hydrophobic interactions with DLC8 (Figure 5C). But
there are no direct short-range contacts with the bound target
molecule. Nevertheless, as explained in the previous section,
Ser 88 is closely packed against the side chains of Thr 67,
His 68, and Glu 69, which play crucial roles in target
recognition and binding. Thr 67 forms an H-bond with the
side chain of Asp 230. The C=O of His 68 pairs with Lys
229 of the target, as a part of the antiparallel 5-sheet between
DLCS8 and the target. Moreover, backbone nitrogen of His
68 forms a H-bond with the side chain of Lys 229, and the
nitrogen of the imidazole ring forms a H-bond with the side
chain of Thr 231. This side chain interaction of His 68—Thr
231 is highly crucial for specific target recognition by DLCS.
Mutation of Thr 231 to the Gly residue significantly reduced
the binding affinity of the nNOS peptide to DLCS8 (45).
Furthermore, the residues of the 33-54 loop (aa. 69—71) form
a hydrophobic groove on one side to accommodate the
hydrophobic residues Thr 231, Ile 233, and Val 235 of
the nNOS peptide (8). Hence, one can conclude that the
perturbations at Ser 88 relay to the cargo binding surface
through side chain interactions of closely packed residues,
and this can modulate the binding characteristics of the DLC8
dimer. Our observation of drop in peptide binding efficacy
due to the S88A mutation is in accordance with these effects.

CONCLUSIONS

In summary, we observe that the phosphorylation site, Ser
88, though located at the C-terminal and at the edge of the
dimer interface of the DLCS protein, is fairly buried, forms
transient hydrogen bonds, and accesses alternative conforma-
tions. A small disruption at this site by way of a point
mutation (S88A) significantly modulates the structural and
dynamics features at remote places in the dimer through the
relay of perturbations. By extrapolation, one can also
envisage such effects due to environmental perturbations such
as pH, salt, and so forth (36). These are seen to influence
the target binding efficacy of the protein. Considering the
crystal structure of the DLC8-nNOS complex, we provide a
rationale as to how even though Ser 88 does not form any
direct contacts with the bound target molecule, perturbation
at this site can alter the target binding efficacy of the DLC8

Mohan and Hosur

dimer. Such a situation can possibly be visualized for other
target peptides as well.

It is also interesting to note that the effects of the same
S88A mutation in DLC1, the human counterpart of DLCS,
reported recently (20) are dramatically different. The latter
differs from DLCS at only five locations (human, C2, S21,
E23, H41, and K71; Drosophila, S2, A21, D23, Y41, and
R71), which amounts to a small local perturbation. Hence,
the observed differences highlight the sensitivity of the
protein to small perturbations, be it internal, as exemplified
here, or by extrapolation, external, such as pH, salt changes,
and so forth. All of these results provide a rationale for the
remote effects of mutations on the one hand and protein’s
adaptability to different targets on the other. These would
clearly have significant functional implications.
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SUPPORTING INFORMATION AVAILABLE

Simulations of the dependence of HN chemical shift
variation with temperature (290—315 K) and the 'H-'>N
HSQC spectra of the DLC8 dimer at pH 7.0 (A) before
adding D,0O and (B) 8 min after adding D,O. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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